It has been argued that inflation requires an initial patch that is smooth over distance scales a bit larger than the causal horizon at the onset of inflation. While one may argue that causality will allow for smoothness on the scale of the causal horizon H −1 , we reiterate that for thermal inflationary scenarios the background inflaton field will be correlated only over the thermal correlation length ζ ∼ T −1 which will be much smaller than the causal horizon size. However, we then argue that if the number of relativistic degrees of freedom in the Universe is very large (> 10 4 ) then the thermal correlation length can be of the order of the causal horizon size. We also provide two examples of models in which one can have such a large number of relativistic degrees of freedom. Our proposal is of relevance to all inflationary models in which the initial value of the inflaton field is set by a thermal phase transition at the onset of inflation. It can similarly be pertinent for warm inflation scenarios.
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In a Big Bang Universe, the isotropy and homogeneity of the background temperature of the cosmic microwave background (CMB) on angles greater than a degree in the sky can not be explained simply by causal physics at the time of decoupling of photons in the early Universe. Inflation, an accelerated phase of expansion in the very early Universe, which is driven by the potential energy of a slowly rolling field (inflaton) [1] [2] [3] [4] [5] [6] is a widely accepted mechanism for solving this 'horizon problem'. Inflation also solves the 'flatness problem' of the Big Bang model, or why the spatial curvature of the observed Universe is so close to zero. Furthermore, the cosmological data reported by COBE [7, 8] , WMAP [9] and Planck [10, 11] over the past two decades, and particularly the anticorrelation in the temperature fluctuations and the E mode polarization seen in the CMB [12] , have indicated that the primordial fluctuations in the energy density of the early Universe were superhorizon in nature. Quantum fluctuations during inflation [13] [14] [15] [16] can also explain the superhorizon nature of the primordial density fluctuations.
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Presuming that the primordial scalar and tensor perturbations of the metric during inflation have a power law behaviour, precision data by Planck further reveal more information about the inflationary mechanism by setting an upper limit on the ratio of tensor to scalar perturbations (r 0.07 at 95% CL [19] ) and providing a measure of the scalar perturbations spectral tilt (n s = 0.9655 ± 0.0062, TT+lowP at 68% CL) and the scalar perturbations amplitude at a certain scale (called the pivot scale) (ln(10 10 A s ) = 3.089 ± 0.036, TT+lowP
1 Other mechanisms such as those involving contracting and expanding cyclic Universes have also been studied to explain the above cosmological issues [17, 18 ] but we will not be considering them here.
at 68% CL) [11] . The observations of r and A s set the scale of inflation V 1/4 * when perturbations of the size of the pivot scale cross the horizon during inflation to be at the GUT scale or below:
where M P is the reduced Planck mass. The allowed values of r and n s prefer plateau-like inflaton potentials arising in the Starobinsky R 2 inflation model [3] , Higgs inflation model [20] and a broad class of cosmological attractor models, known as the α−attractor models [21] .
Despite the extraordinary success of the inflationary paradigm in explaining cosmological observations, the initial conditions for inflation are still being debated in modern cosmology [22] [23] [24] [25] [26] [27] . The initial conditions problem that we focus on here is the requirement that the inflaton should be homogeneous over a sufficiently large region for a causal sized patch of the Universe to enter a period of inflation which is, in general, not naturally achieved. We restate the problem below to emphasise its gravity and propose a solution that alleviates this problem for models of inflation where the inflaton field undergoes a thermal phase transition at the commencement of inflation, by considering a large number of relativistic degrees of freedom (> 10 4 ) at the onset of inflation. We then discuss two scenarios of inflation that naturally incorporate such a large number of relativistic degrees of freedom.
Initial conditions problem of inflation: Inflation was originally proposed to tackle the severe fine-tuning problems of the Big Bang Universe, namely the 'horizon problem' and the 'flatness problem'. The success of inflation is only to be taken seriously if inflation commences without any requirement of very special (fine-tuned) initial conditions. However, for one to apply the RobertsonWalker metric to a horizon-sized patch at the beginning of inflation, and to argue that inhomogeneities are small and irrelevant to the equation of motion of the homogeneous component of the inflaton field, one needs to presume that at the beginning of inflation there was a patch somewhat bigger than the Hubble size which was relatively homogeneous [28] . This requirement of an assumption of homogeneity on superhorizon scales to start inflation certainly seems incompatible with the motivation of the inflationary paradigm to solve the horizon problem.
It had been argued in the literature that as the inhomogeneities redshift, whatever the initial conditions might be, the Universe would eventually be dominated by the homogenous mode, where the inflaton field slow rolls, driving inflation. But the back-reaction effects of these inhomogeneities on the background can effectively destroy the homogenous background itself preventing the onset of inflation [24] . Hence a homogeneous patch of a Hubble size or bigger is an essential requirement for inflation to commence.
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In cold inflation models, in which the inflaton is very weakly coupled and perhaps in thermal equilibrium only at the Planck scale, the size of the homogeneous region R c over which the inflaton is correlated at the beginning of inflation at t I will be
where H is the Hubble parameter and t Pl is the Planck time. For, say, a radiation dominated Universe prior to inflation where a(t) ∼ t 1/2 and H(t) = 1/(2t),
from Planck constraints on H I . Thus the Hubble volume at the onset of inflation contains 10 9 volumes with uncorrelated values of the background inflaton field. A similar argument is also presented in [23] .
Alternatively one can demand that the inflaton should be correlated over the Hubble volume at the onset of inflation. This correlated patch of size H −1 I would correspond to a physical length scale ℓ 1 (t Pl ) at the Planck epoch given by
But the size of the causal horizon at the Planck time
Pl , which then gives
Thus one needs to assume that the inflaton field was correlated over a region which is thousand times the Planck length at the beginning of the Universe. A similar argument is presented in [30] where the problem has been dubbed as 'the little horizon problem'. It is easily comprehensible that lower the scale of inflation more severe is the problem. It has been recently shown in [31] through numerical simulations of full nonlinear Einstein equations that in large-field models with plateau-like potentials [21] (with a toroidal topology of the expanding Universe) inflation commences naturally at lower energy scales (GUT) even if the initial gradients are much larger than the potential energies, and there is no need of a Hubble-sized homogenous initial patch in order for inflation to start. But this study is very specific to large-field models with plateaulike potentials where the potential acts essentially like a cosmological constant for a vast region. Hence, in general, a requirement of an initial homogeneous patch of Hubble size or larger is still called for to commence inflation.
One may argue that these problems related to homogeneity are appearing due to the assumption of a preinflationary radiation era from the Planck scale to the GUT scale, as in Eqs. (3) and (5). In fact, it has been proposed in [32] that if one assumes a domination of negative spatial curvature (k < 0) in the patch which will inflate (locally the patch will resemble an open FRW Universe) then the curvature term will scale just like the gradient term (1/a 2 (t)), and the scale factor will scale as a(t) ∼ t, just like the Hubble radius, and this will resolve the above mentioned conundrum.
The situation is somewhat different if one assumes the inflaton to be in thermal equilibrium in a radiation dominated Universe till inflation commences. One may naively argue that if the inflaton is in thermal equilibrium till the beginning of inflation then the inflaton field will be homogeneous over the Hubble size at the beginning of inflation. Now for the inflaton field φ one may write
where φ 0 represents the background field whose slowly varying potential energy drives inflation. If the inflaton quanta are scattering off each other in thermal equilibrium then there can be a homogeneous distribution of the inflatons over some (thermal) length scale, but that does not necessarily apply to the background field. However, if the initial position of the background field is obtained via a thermal phase transition at the beginning of inflation then one may argue that the background inflaton field too can be correlated over the (thermal) length scale.
As was argued in [33] , when the inflaton field is in thermal equilibrium at a temperature T , then there is no statistical correlation beyond a scale ζ ∼ T −1 . Thus one can set the scale of homogeneity for a thermalized Universe to be set by the thermal correlation length ζ ∼ T −1 and not by the Hubble size H −1 [26, 33] . Therefore the scale of homogeneity of the correlated inflaton field (and quanta) will be given by ζ, and
where g is the effective number of relativistic degrees of freedom of the radiation fluid. Then, for example, at the GUT scale
with g ∼ 100 considering GUT particles as the constituents of the radiation bath. Thus one Hubble volume at the GUT scale contains 10 6 uncorrelated volumes. The problem is worse at scales less than the GUT scale. If one considers a scenario such as natural inflation [34, 35] in which the background inflaton field correlation is determined from a phase transition at a temperature scale f higher than the inflaton scale Λ then the correlation length of the background inflaton field at the time of inflation, presuming a thermal Universe from the scale f to Λ, will be f
which is again the thermal correlation length at the beginning of inflation, and is less than the Hubble length.
A few solutions to the initial conditions problem in an inflationary Universe with a pre-inflationary radiation dominated era have been proposed in the literature. One may consider a compact (open or flat) radiation dominated Universe, which has the topology of a torus (as generally occurs in String Theories), and an effect called "chaotic mixing" can lead to a rapid homogenization of the Universe [36, 37] . The problem with such a scenario is that the inflaton must be at the very flat part of the inflaton potential at the end of the pre-inflationary radiation era in order to start inflation. Such a possibility is not easy to achieve in new inflation or hilltop inflation scenarios, because of the shape of the potential in these scenarios, while it is easy to achieve in plateau-like potentials. Also, a long enough period of inflation is required to make all these early Universe topological effects unobservable [23] .
Another attempt has been made to resolve the initial conditions problem in the case of natural inflation by modifying the inflaton dynamics in the pre-inflationary radiation era [26] . In this scenario one initially has a small region, smaller than the Hubble size, over which the field is high on the potential and homogenesous. Due to the reaction-diffusion equation, the inflaton changes very slowly in this region thereby maintaining a large potential energy. Then the expansion of the Universe leads to vacuum energy domination inside a Hubble domain with a homogeneous field throughout the domain triggering inflation. This scenario also presumes a radiation bath during the pre-inflationary era. Consequences of such modified field dynamics on the observables are yet to be analyzed.
In the rest of this Letter we will present another solution to the initial conditions problem. We will consider the scenario of a pre-inflationary radiation era where the inflaton goes through a thermal phase transition at the onset of inflation so that the correlation length for domains of the background inflaton field is determined by the temperature at the beginning of inflation. We will argue that if the number of relativistic degrees of freedom in the thermal bath is very large it can make the thermal correlation length of the background inflaton field of order the Hubble size at the onset of inflation.
A plausible solution to the initial conditions problem:
We can see from Eq. (8) that the presence of a large number of relativistic degrees of freedom (say g ∼ 10 4 ) during the pre-inflationary radiation era gives the correlation length at the GUT scale ζ GUT ∼ H
−1
GUT . (If the value of g is large enough that T −1 is greater than H −1 , then the length scale over which homogeneity can be assumed would be the Hubble size and not T −1 .) For inflationary scales lower than the GUT scale one would need g to be larger than 10
4 to obtain a homogeneous inflationary patch of the size of the Hubble length. We now present two scenarios where such large values of g in the pre-inflationary radiation bath with a thermalised inflaton are incorporated for other reasons. Then our arguments above provide a mechanism for addressing the initial conditions problem for these scenarios.
I. Pre-inflationary radiation era with a thermalized inflaton in 'just enough' inflation: The inflationary era preceded by a radiation era is well studied in the literature for various reasons [14, [38] [39] [40] [41] [42] [43] [44] [45] ). The inflaton in such scenarios was considered not to be in thermal equilibrium during the pre-inflationary radiation era. In such cases, the radiation era prior to inflation leaves its imprint by lowering the quadrupole moment of the CMB angular power spectrum, if the duration of inflation is 'just enough' [39] [40] [41] [42] in order to address the 'horizon' and the 'flatness' problem. This lowering of the quadrupole moment is in accordance with the observations of the CMB temperature anisotropy measured by WMAP and Planck, despite the issue of cosmic variance.
A thermalized inflaton during the pre-inflationary radiation era was first considered in [46] where the thermalized inflaton decoupled from the thermal bath during the radiation era, leading to a frozen thermal Bose-Einstein distribution of the inflaton field. It is natural to consider that the inflaton might have been in thermal equi-librium sometime during the radiation era at some very early time, as the inflaton must have some coupling with the other fields in order to reheat the Universe at the end of inflation. This frozen thermal distribution of the inflaton perturbations gives an extra coth(k/2T ) multiplicative term to the primordial power spectrum (where k and T are the comoving wavenumber and comoving temperature of the inflaton perturbations, respectively), as a result of which the quadrupole moment of the CMB anisotropy spectrum is enhanced, contrary to the present observations [46] . This scenario of the thermalized decoupled inflaton was revisited in [30] where along with the frozen distribution of the inflaton field, the effect of the pre-inflationary radiation era on the inflaton mode functions was also considered, which washes away the enhancement due to the coth(k/2T ) term, and the best fit value of the duration of inflation in such a case is obtained to be less than one e-folding more than the 'just enough' case. The best fit curve also sets an upper bound on the comoving temperature of the inflaton as T < 10
Mpc −1 . It was later recognised in [47] that the upper bound on the comoving temperature T of the inflaton and the minimal number of extra e-foldings δN over the 'just enough' inflationary case preferred by the data make the scenario of pre-inflationary radiation era with a thermalized decoupled inflaton incompatible with observations. Considering that in such a scenario the radiation energy density would be equal to the inflaton potential energy density at the onset of inflation, it can be shown that
where H 0 is the Hubble parameter at the present time and g ∼ 100. But the observational bound on the inflationary scale given in Eq. (1) yields [11] 
for r 0.07. Alternatively for T < 10 −4 Mpc −1 , and δN ≈ 0.05 and H 0 = (4400 Mpc) −1 one gets from the equality in Eq. (9) and Eq. (10) that
for the scenario to be compatible with the data. The above scenario of 'just enough' inflation is for an inflaton that was once thermal but decoupled early in the history of the Universe. If, however, the scenario of 'just enough' inflation with g > ∼ 10 12 to be compatible with observations is extended to have the inflaton in thermal equilibrium till the beginning of inflation, then the corresponding thermally correlated region with a homogeneous inflaton field will be as large as the Hubble volume, thereby addressing the initial conditions problem.
It may be noted that there are good theoretical arguments for considering scenarios of 'just enough' inflation. It has been argued in [48] that the number of e-foldings of inflation should not be much larger than the minimum required to satisfy observations, by considering anthropic bounds on the spatial curvature of the Universe and including certain statistical arguments on the parameters of inflation. In [49] it has been argued that the probability for N e-foldings of inflation is suppressed by a factor of exp(−3N ), by invoking a certain natural canonical measure on the space of all classical Universes. Moreover, more inflation means that the inflaton potential is required to stay flat for a larger range of field values and this can then require super-Planckian excursions.
II. Warm inflation: The warm inflationary scenario [50] , where the inflaton field dissipates creating a radiation bath during inflation, is a well known alternative scenario to the standard supercooled inflationary scenario. Such an inflationary scenario starts with a radiation dominated era, enters an inflationary regime, and then transits into a radiation dominated epoch, with or without invoking any reheating phase in between. In [51] it is argued that the smoothness requirement on the initial inflationary patch is on scales smaller than H −1 . However this is true for Γ > H, where Γ is the dissipation rate of the inflaton field, while Γ < H (weak dissipation) warm inflation scenarios have also been widely considered in the literature.
Viable models of warm inflation require 10 6 or 10 4 additional fields to satisfy warm inflation requirements, particularly to maintain T > H during inflation [52, 53] . Then, our discussion above implies that this can provide for a background inflaton field correlated at the beginning of inflation over a Hubble volume, if the initial background inflaton field value is obtained from a thermal phase transition.
In search of a large number of relativistic degrees of freedom: It is now legitimate to ask whether one can indeed devise a particle physics model where such a large number of relativistic degrees of freedom can be realised. A particle physics model inspired by string theory with N = 1 supersymmetry was constructed in Refs. [52, 54] where the inflaton is coupled to N M (> 10 4 ) number of chiral superfields representing the string modes. Each of the superfields will have its anti-chiral superfield. In the Lagrangian the inflaton field has couplings to N M × N χ scalars and N M ×N ψ fermions, where setting N ψ = N χ /4 helps cancel the radiatively generated vacuum energy correction in the effective potential. Assuming all the particles are in thermal equilibrium, it yields the number of relativistic degrees of freedom to be of order 10 6 if one takes N M ∼ O(10 5 ). A higher N M would result in a higher number of relativistic degrees of freedom. Thus having a large number of relativistic degrees of freedom in the early Universe is feasible, and it points towards more exotic physics taking place at the GUT scale and beyond.
Conclusion: Inflation requires the initial inflating patch to be somewhat larger than the Hubbe size at the beginning of inflation. However in models of inflation where the inflaton goes through a thermal phase transition the background inflaton field can be correlated on scales of order the thermal correlation length ζ ∼ T −1 , which is typically much smaller than H −1 for standard cosmological scenarios with a thermal bath of O(100) relativistic degrees of freedom when inflation commences. We have argued that if the number of relativistic degrees of freedom is of the order of 10 4 for, say, GUT scale inflation then the thermal correlation length is of the size of the Hubble scale. We have also shared two inflationary scenarios where one desires to have such a large number of degrees of freedom for other reasons. In the first case of a thermalized inflaton in a 'just enough' inflation scenario, the presence of a large number of relativistic degrees of freedom in the pre-inflationary radiation bath is required to ensure the scenario is in accordance with observations. In the context of warm inflation such large numbers are required to keep the temperature during warm inflation higher than the Hubble parameter.
The above proposal partially satisfies the initial conditions problem for inflationary models. One actually requires the inflationary patch to be smooth on scales a bit larger than the Hubble size. What we have proposed leads to correlations of the background inflaton field up to the Hubble size which alleviates the initial conditions problem substantially. In the absence of our proposal the correlation length for models of inflation with a thermal history will be much smaller than the Hubble size.
